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ABSTRACT 16 
 The lower Paleocene Ojo Alamo Sandstone and Nacimiento Formation from the San Juan Basin 17 
(SJB) in northwestern New Mexico preserve arguably the best early Paleocene mammalian 18 
record in North America and is the type location for the Puercan (Pu) and Torrejonian (To) North 19 
American Land Mammal ages (NALMA). However, the lack of precise depositional age 20 
constraints for the Ojo Alamo Sandstone and lower Nacimiento Formation has hindered our 21 
understanding of the timing and pacing of mammalian community change in the SJB following 22 
the Cretaceous-Paleogene mass extinction.  Here we produced a high-resolution age model for 23 
the Ojo Alamo Sandstone and lower Nacimiento formation combining magnetostratigraphy and 24 
40Ar/39Ar geochronology spanning the first ~3.5 Myr of the Paleocene.  Mean sediment 25 
accumulation rates during C29n were relatively low (<50 m/Myr) and equalized from basin 26 
center to basin margin indicating an accommodation minimum; sediment accumulation rates 27 
roughly double (> 90m/Myr) during C28r and are highest in the basin center and lowest on basin 28 
margin indicating high accommodation and an increase in basin subsidence near the C29n/C28r 29 
boundary (~64.96 Ma).  Puercan fossil localities were restricted to C29n, Torrejonian 1 localities 30 
to C28n, and lower Torrejonian 2 localities to C27r. Our revised age model for the SJB suggests 31 
that the first appearance of To1 mammals may have been diachronous across North America, 32 
with the Torrejonian 1 mammals first appearing in the north (Montana and North Dakota) during 33 
C29n, then in middle latitudes (Utah) in C28r, and lastly in southern North America (New 34 
Mexico) in C28n.  35 
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INTRODUCTION 36 
 The Ojo Alamo Sandstone and the Nacimiento Formation from the San Juan Basin (SJB) 37 
in northwestern New Mexico and southwestern Colorado (fig. 1) preserve a nearly continuous 38 
succession of lower Paleocene terrestrial deposits (e.g., Baltz et al., 1966; O’Sullivan et al., 39 
1972; Williamson, 1996; Williamson et al., 2008; Cather et al., 2019). The SJB also preserves 40 
one of the most complete records of early Paleocene mammalian evolution following the 41 
Cretaceous-Paleogene (K-Pg) mass extinction and has been extensively studied for over a 42 
century (e.g., Granger, 1917; Matthew, 1937; Simpson, 1959; Williamson and Lucas, 1992; 43 
Williamson, 1996; Williamson et al., 2015). The early Paleocene Puercan and Torrejonian North 44 
American Land Mammal ages (NALMAs) were defined using SJB fossil mammalian faunas 45 
(Wood et al., 1941). These land mammal ages were subsequently divided into biochrons, based 46 
largely on the SJB record, and are used for early Paleocene correlation across North America 47 
(Lindsay, 2003; Lofgren et al., 2004). 48 
 Two intervals of potentially rapid mammalian turnover, between Puercan 2 (Pu2) and 49 
Puercan 3 (Pu3), and between Torrejonian 2 (To2) and Torrejonian 3 (To3) faunas, were 50 
documented by Williamson (1996). Additionally, the boundary between Pu3 and Torrejonian 1 51 
(To1) records the near total replacement of mammalian communities with new species and 52 
potentially represents another time period of high mammalian turnover (Williamson, 1996). 53 
While Leslie et al. (2018b) were able to develop a high resolution age model for the To2-To3 54 
transition, no high resolution age models exist for the Pu2-Pu3 and Pu3-To1 transitions in the 55 
SJB, limiting our understanding of the timing and rate of faunal change through this crucial time 56 
interval.  57 
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Previous work has used magnetostratigraphy to develop an age model for the Ojo Alamo 58 
Sandstone and lower Nacimiento Formation with the goal of identifying the K-Pg boundary and 59 
evaluating the chronology of mammalian evolution within the SJB (e.g., Butler et al., 1977; 60 
Butler and Taylor, 1978; Lindsay et al., 1978, 1981; Taylor and Butler, 1980; Butler and 61 
Lindsay, 1985; Fassett, 2009). However, sample spacing was at relatively large and mammal 62 
localities were not always precisely correlated to within the magnetostratigraphic sections, which 63 
has meant that there is not a high-resolution age model for Ojo Alamo Sandstone or lower 64 
Nacimiento Formation. Additionally, the age and duration of type section of the Nacimiento 65 
Formation at Mesa de Cuba (Cope, 1875) has never been determined.  66 
The lack of detailed geochronology for the Ojo Alamo Sandstone and confusion about its 67 
stratigraphic terminology has meant that the age determinations for this unit have been 68 
contentious (see discussions in, Williamson and Weil, 2008a, 2008b). The lack of an age model 69 
for the Ojo Alamo Sandstone and confusion about stratigraphic terminology has also lead some 70 
previous authors to suggest the existence of early Paleocene dinosaurs from the San Juan Basin 71 
(e.g., Fassett et al., 2002, 2011; Fassett, 2009). However, these interpretations were made based 72 
on an incorrect interpretation of previously published magnetostratigraphy and the purported 73 
presence of Paleocene pollen, which has not been replicated, casting doubts upon their validity 74 
(e.g., Lucas et al., 2009)    75 
In this study, we developed a high-resolution magnetostratigraphic age model for the Ojo 76 
Alamo Sandstone and lower Nacimiento Formation spanning the Puercan and early Torrejonian 77 
(To1-To2) interval from seven measured sections encompassing the first ~3.5 Myr of the 78 
Paleocene. These sections, from northwest to southeast, are (1) Kutz Canyon, (2) Gallegos 79 
Canyon, (3) Chico Springs, (4) De-Na-Zin, (5) Kimbeto Wash, (6) Betonnie Tsosie Wash, and 80 
Page 5 of 56 
 
(7) Mesa de Cuba (fig. 1). Local polarity zones from each section, constrained by 40Ar/39Ar ash 81 
and detrital sanidine ages, were correlated to the global geomagnetic polarity time scale (GPTS) 82 
(Ogg, 2012). Sediment accumulation rates were calculated for each section and/or magnetic 83 
chrons within the sections and used to develop an age model for the Ojo Alamo Sandstone and 84 
the base of the Nacimiento Formation. This age model presented was then correlated with the 85 
magnetostratigraphic sections of Leslie and others (2018b) to develop a basin-wide age model 86 
for the entire lower Paleocene in the SJB. This age model was then used to assess the basin 87 
evolution of the SJB during the early Paleocene. The age model was then used to constrain the 88 
age of Puercan and early Torrejonian (To1 – To2) fossil localities across the SJB. These revised 89 
ages for the Puercan and Torrejonian mammal sites have important implications for 90 
understanding the tempo of mammalian turnover after the end-Cretaceous mass extinction and 91 
the timing of key events in early mammal evolution. 92 
PREVIOUS STUDIES 93 
Geologic Background 94 
 The SJB is a Laramide foreland basin in northwest New Mexico and southwest Colorado 95 
that preserves a nearly continuous succession of Upper Cretaceous (Campanian) to lower Eocene 96 
terrestrial deposits (Baltz et al., 1966; Chapin and Cather, 1983). Cather (2004) argued for three 97 
distinct subsidence phases in the SJB: (1) an early phase during the late Campanian – early 98 
Maastrichtian, (2) a middle phase during the late Maastrichtian – early Paleocene, and (3) a late 99 
phase during the Eocene. The middle phase of subsidence was hypothesized to allow for 100 
deposition of lower Paleocene sediments in the basin (Cather, 2004).   101 
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The SJB preserves two lower Paleocene formations: (1) the Ojo Alamo Sandstone and (2) 102 
the Nacimiento Formation (Baltz et al., 1966; O’Sullivan et al., 1972). The Ojo Alamo 103 
Sandstone unconformably overlies the Maastrichtian Naashoibito Member of the Kirtland 104 
Formation and is composed of gold to yellow colored, cross-bedded, medium to coarse-grained 105 
sandstone with interbedded sandstone and siltstone deposits, and localized carbonaceous shale 106 
beds. These deposits have been interpreted to represent an alluvial plain in a seasonally dry, sub-107 
tropical climate with one or more sediment sources in the southern Rocky Mountains (Flynn and 108 
Peppe, in press; Baltz et al., 1966; O’Sullivan et al., 1972; Powell, 1973; Tidwell et al., 1981; 109 
Chapin and Cather, 1983; Sikkink, 1987; Cather, 2004). Herein we recognize the Ojo Alamo 110 
Sandstone as a separate stratigraphic formation of Baltz et al. (1966). For clarity, the Ojo Alamo 111 
Sandstone is equivalent to the Kimbeto Member of the Ojo Alamo Formation proposed by 112 
Sullivan et al. (2005). 113 
 The Nacimiento Formation conformably overlies the Ojo Alamo Sandstone and 114 
unconformably underlies the Eocene San Jose Formation. The Nacimiento Formation is 115 
subdivided into six members: (1) The Kutz , (2) Tsosie, (3) Angel Peak, (4) Arroyo Chijuillita, 116 
(5) Ojo Encino, and (6) Escavada Members (Williamson and Lucas, 1992; Williamson, 1996; 117 
Cather et al., 2019). This study focuses on the Kutz, Tsosie, Arroyo Chijuillita and Ojo Encino 118 
Members. The Arroyo Chijuillita and Ojo Encino Members are confined to the southern portion 119 
of the basin. The Arroyo Chijuillita Member is composed of drab mudstones and small lenticular 120 
sandstone beds (Davis et al., 2016). The Ojo Encino Member contains variegated red and drab 121 
mudstones, large sheet and channel sandstone units, and three persistent intervals consisting of 122 
numerous “black” paleosol horizons referred to as the “lower”, “middle”, and “upper black 123 
mudstone” (Leslie et al., 2018b). Both members have been interpreted to represent meandering 124 
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fluvial systems deposited in a subtropical climate, with an increase in depositional energy from 125 
the Arroyo Chijuillita to Ojo Encino Member (Flynn and Peppe, in press; Tidwell et al., 1981; 126 
Williamson, 1996; Davis et al., 2016). The Kutz Member is equivalent to the “main body” of 127 
Williamson (1996) and is primarily exposed in Kutz Canyon. It is a thick succession of cross-128 
bedded channel sandstones, splay sandstones, and floodplain mudstones. The lower Kutz 129 
Member tends to be drab in color and becomes more variegated with reddish mudstones in the 130 
upper portion (Cather et al., 2019). The Tsosie Member is exposed in the southwestern part of 131 
the basin and is characterized by thick, cross-bedded channel sandstone complexes separated by 132 
mostly drab floodplain mudstones. The channel sandstones were interpreted as deposits from a 133 
river with a maximum depth of at least 5 m (Cather et al., 2019). 134 
 135 
Mammalian Biostratigraphy 136 
Puercan Mammalian Biostratigraphy 137 
The first mammalian biostratigraphy for the lower Nacimiento Formation was proposed 138 
by Sinclair and Granger (1914), who identified two zones - the lower Ectoconus zone and the 139 
upper Taeniolabis zone – in exposures from De-Na-Zin, Kimbeto, and Betonnie Tsosie washes. 140 
They distinguished the two zones by the presence of the large-bodied multituberculate 141 
Taeniolabis in the upper horizon, but noted that Ectoconus was known from both horizons 142 
(Sinclair and Granger, 1914). Wood et al. (1941) later placed both the Ecotconus and 143 
Taeniolabis zones from Sinclair and Granger (1914) in the Puercan NALMA and designated the 144 
Nacimiento Formation fauna as representative of the Puercan. The significance of the Ectoconus 145 
and Taeniolabis zones as defined by Sinclair and Granger (1914) was debated due to both zones 146 
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being present superpositionally only in De-Na-Zin and because the difference between the two 147 
zones may reflect differences in facies and/or collection intensity (Lindsay et al., 1981; 148 
Archibald et al., 1987; Williamson, 1996).  149 
Archibald et al. (1987) redefined the early Paleocene NALMAs and subdivided the 150 
Puercan into three biochronologic zones (see Lindsay, 2003) defined by the succession of 151 
unrelated taxa. In this revision, only the younger two zones, Pu2 and Pu3, are recognized in the 152 
SJB, and the earliest zone (Pu1) is absent. The Ecotconus and Taeniolabis biostratigraphic zones 153 
of Sinclair and Granger (1914) approximately correlate temporally with the Pu2 and Pu3 154 
biochrons of Archibald et al. (1987). Archibald et al. (1987) equated the Pu2 interval with the 155 
Ectoconus-Taeniolabis taoensis zone and the Pu3 interval with the Taeniolabis taoensis-156 
Periptychus zone in the SJB. Williamson (1996) later revised the SJB biostratigraphy based on 157 
taxon ranges not included in Archibald et al. (1987) and approximately equated their Pu2 interval 158 
to the Hemithlaeus kowalevskianus-Taeniolabis taoensis zone (H-T Zone) and the Pu3 interval to 159 
the Taeniolabis taoensis-Periptychus carinidens zone (T-P Zone). We here refer to these last two 160 
biostratigraphic zones as Pc1 and Pc2, respectively, to distinguish them from the 161 
biochronological Puercan Pu2 and Pu3 subzones. The revision of early Paleocene NALMAs by 162 
Lofgren et al. (2004) used the same biozones defined by Archibald et al. (1987). Multiple authors 163 
(e.g., Archibald et al., 1987; Williamson and Lucas, 1992; Williamson, 1996) have noted that the 164 
fossil horizons in the SJB that yield both Pu2 and Pu3 mammalian faunas occur in C29n, which 165 
has made precise age control difficult and has inhibited temporal correlation both within the 166 
basin and across North America for each NALMA interval. 167 
Williamson (1996) observed a potential decrease in species and generic diversity between 168 
the Pu2 and Pu3 mammalian faunas. Several mammalian taxa which are abundant in Pu2 faunas, 169 
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mostly periptychid “condylarths”, are absent from the succeeding Pu3 faunal interval 170 
(Williamson, 1996). Williamson (1996) also noted a relatively high rate of origination in the Pu3 171 
interval, but attributed this observation to immigration of taxa from northern North America. 172 
However, previous relatively low precision temporal constraints on this turnover have obscured 173 
the timing and rate of mammalian faunal changes. 174 
Torrejonian Mammalian Biostratigraphy  175 
Sinclair and Granger (1914) recognized two biostratigraphic faunal zones – a lower 176 
Deltatherium and an upper Pantolambda zone – stratigraphically above the Puercan faunas from 177 
Torreon Wash. Osborn (1929) treated the Deltatherium and Pantolambda zones as temporally 178 
distinct “life zones.”  Wood et al. (1941) placed the Deltatherium and Pantolambda zones within 179 
the Torrejonian NALMA, which was separated from the Puercan NALMA by the Dragonian 180 
NALMA. Tomida (1981) proposed a further subdivision of the Torrejonian NALMA with the 181 
retention of the previous Deltatherium and Pantolambda zones and the addition of an older 182 
Periptychus-Loxolophus zone. Additionally, because the “Dragonian” NALMA was shown to 183 
overlap with their Periptychus-Loxolophus zone (Tomida and Butler, 1980; Tomida, 1981; 184 
Archibald et al., 1987) and Archibald et al. (1987) considered the “Dragonian” to be part of the 185 
Torrejonian NALMA. 186 
 Archibald et al. (1987) proposed three Torrejonian biochronologic interval zones in their 187 
revision of the early Paleocene: the Periptychus carinidens-Tetraclaenodon interval zone (To1), 188 
Tetraclaenodon-Pantolambda interval zone (To2), and Pantolambda-Plesiadapis praecursor 189 
interval zone (To3). The To1 zone was equivalent to the Periptychus-Loxolophus zone and the 190 
“Dragonian” interval (Wood et al., 1941; Tomida, 1981), and the To2 and To3 interval zones 191 
were approximately equivalent to the previous Deltatherium and Pantolambda zones (Osborn, 192 
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1929; Tomida, 1981). Williamson (1996) redefined and further subdivided the Torrejonian 193 
interval zones into six local biostratigraphic zones in the SJB based on new fossil discoveries — 194 
(1) Periptychus carinidens-Protoselene opisthacus Zone (P-P Zone; referred to here as Tj1), (2) 195 
Protoselene opisthacus-Ellipsodon grangeri Zone (P-E Zone; referred to here as Tj2), (3) 196 
Ellipsodon grangeri-Arctocyon ferox Zone (E-A Zone; referred to here as Tj3), (4) Arctocyon 197 
ferox-Pantolamda cavirictum Zone (A-P Zone; referred to here as Tj4), (5) Pantolamda 198 
cavirictum-Mixodectes pugens Zone (P-M Zone; referred to here as Tj5), and (6) Mixodectes 199 
pugens Zone (M Zone; referred to here as Tj6). This new zonation showed some temporal 200 
overlap in the mammalian taxa used to define the Torrejonian interval zones by Archibald et al. 201 
(1987). Subsequently, high-resolution stratigraphic correlation of the upper Nacimiento 202 
Formation, discovery of new mammalian taxa, and stratigraphic range extensions for some 203 
mammalian taxa has led to the revisions of some of these biozone (Leslie et al., 2018b). 204 
 In their update of early Paleocene NALMAs, Lofgren et al. (2004) redefined the To1 205 
biochronologic interval zone as the Periptychus carinidens-Protoselene opisthacus zone 206 
(approximately equivalent to the P-P [Tj1] zone from Williamson, 1996), the To2 interval zone 207 
as the Protoselene opisthacus-Mixodectes pugens Zone (approximately equivalent to the P-E 208 
[Tj2], E-A [Tj3], A-P [Tj4], and P-M [Tj5] zones from Williamson, 1996), and To3 interval zone 209 
as the Mixodectes pugens-Plesiadapis praecursor Zone (approximately equivalent to the M [Tj6] 210 
Zone from Williamson, 1996).  211 
In the SJB, the Tj1 zone (approximately temporally equivalent to To1) is poorly 212 
fossiliferous (Williamson, 1996), with fossil mammal collections existing from Kutz Canyon, 213 
De-Na-Zin, Kimbeto Wash, Betonnie Tsosie Wash, and Mesa de Cuba. Biozones Tj2 – Tj5 214 
(approximately temporally equivalent to To2) are significantly more fossiliferous and collections 215 
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have been made primarily from Kutz Canyon, Gallegos Canyon, Kimbeto Wash, Escavada 216 
Wash, and Torreon Wash (Williamson, 1996; Leslie et al., 2018b). The Tj6 zone (approximately 217 
temporally equivalent to To3) is also relatively well collected, with samples primarily from 218 
Escavada, Alemita Arroyo, Torreon Wash, and San Isidro Arroyo (Williamson, 1996; Leslie et 219 
al., 2018b).  Previous magnetostratigraphy in the SJB has constrained Tj1 fossil localities to 220 
within C28n, Tj2-Tj5 fossil localities to within C27r, and Tj6 fossil localities to within C27n 221 
(Lindsay et al., 1978; Butler and Lindsay, 1985; Williamson and Lucas, 1992; Leslie et al., 222 
2018b). 223 
Magnetostratigraphy and Rock Magnetism 224 
 There is a long history of magnetostratigraphy and rock magnetism research focused on 225 
the Ojo Alamo and Nacimiento Formations in the SJB. In the original magnetostratigraphic 226 
studies of the Ojo Alamo Sandstone and Nacimiento Formation from measured sections in De-227 
Na-Zin, Kimbeto Wash, Betonnie Tsosie Wash (also referred to as Tsosie Wash), and Kutz 228 
Canyon, the local polarity stratigraphy was incorrectly correlated to the GPTS (Butler et al., 229 
1977; Lindsay et al., 1978, 1981). In this work, the K-Pg boundary was interpreted to be in 230 
C29n, the Ojo Alamo Sandstone was correlated with C28r, Puercan  mammalian localities 231 
(Ectoconus and Taeniolabis Zones) with C28n, and the Torrejonian aged strata were correlated 232 
with C27n to C26n  (Butler et al., 1977; Lindsay et al., 1978, 1981; Taylor and Butler, 1980). 233 
Butler and Lindsay (1985) later documented previously unrecognized magnetic overprinting in 234 
the Lower Cretaceous and lower Paleocene samples and revised these magnetostratigraphic 235 
interpretations for the SJB, placing the K-Pg boundary and deposition of the Ojo Alamos 236 
Sandstone in C29r, the Puercan zone mammalian localities in C29n, and the Torrejonian 237 
mammalian localities from Kutz Canyon in C28n-26n. However, the sample spacing of these 238 
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studies was relatively coarse, making it difficult to precisely determine the stratigraphic position 239 
of chron boundaries or to calculate reasonable sediment accumulation rates. Thus, it has not been 240 
possible to estimate the age of the fossil localities in the SJB more precisely than an estimated 241 
position within a chron. Further, although Mesa de Cuba is the type section for the Nacimiento 242 
Formation (Cope, 1875), no previous magnetic polarity stratigraphy has been constructed there.  243 
Butler and Lindsay (1985) analyzed the rock magnetics of SJB samples from nine 244 
stratigraphic levels from the Upper Cretaceous through middle Paleocene. The results from 245 
Butler and Lindsay (1985) indicated that titanohematite of intermediate composition was the 246 
dominant magnetic mineral in the Nacimiento Formation. They suggested that the most likely 247 
source for this was the Cretaceous volcanics of the San Juan Mountains to the north that were 248 
eroded during the Paleocene. The anisotropy of remanence of Nacimiento Formation samples 249 
from Kutz Canyon measured by Kodama (1997) supported primary detrital magnetization for the 250 
Nacimiento Formation. Leslie et al. (2018b) found the upper Nacimiento Formation had a mixed 251 
magnetic mineralogy with titanohematite and maghemite as the characteristic remanent 252 
magnetization carriers. Geothite was also present in all upper Nacimiento lithologies and 253 
dominated low-temperature magnetic measurements, but was not found to contribute to the 254 
characteristic remanence measurements (Leslie et al., 2018b).  255 
METHODS 256 
Lithostratigraphy 257 
 Seven lithologic and magnetostratigraphic sections were measured across ~110 km 258 
northwest to southeast transect: (1) a 129 m section from Kutz Canyon, (2) a 68 m section at 259 
Gallegos Canyon, (3) a 58 m section at Chico Springs, (4) a 125 m section from De-Na-Zin, (5) 260 
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an 82.1 m section from Kimbeto Wash, (6) a 115 m section from Betonnie Tsosie Wash, and (7) 261 
a 156 m section from Mesa de Cuba (figs. 1-3). At Gallegos Canyon, De-Na-Zin, Betonnie 262 
Tsosie Wash, and Mesa de Cuba, the base of the sections were measured from the lithologic 263 
contact between the Ojo Alamo Sandstone and Nacimiento Formation (figs. 2 and 3). The 264 
section at Kimbeto Wash began above the Ojo Alamo Sandstone-Nacimiento Formation contact 265 
and was ~8 m below vertebrate horizon 2 (table 1, fig. 3) (Williamson, 1996). The Kutz Canyon 266 
section began ~4 m below vertebrate horizon 11 (Williamson, 1996) to ensure overlap with 267 
correlative biozones. The top of the Kutz Canyon section was measured to the vertebrate locality 268 
“Bab’s Basin”, which is at the base of the Kutz Canyon measured section of Leslie et al. (2018b). 269 
The Chico Springs lithostratigraphic and magnetostratigraphic section began approximately 8 m 270 
below fossil horizon 13 (table 1, fig. 4). Williamson (1996) produced relatively detailed 271 
measured sections through Kutz Canyon, De-Na-Zin, Kimbeto Wash, and Betonnie Tsosie 272 
Wash. Where possible, those sections were correlated to the measured sections presented here. 273 
 Each measured section was trenched to remove weathered material and to allow 274 
recording of lithologic contacts. The stratigraphic sections were measured at ~0.5 – 1.0 m 275 
resolution and the lithology and sedimentary structures of each sampling horizon were 276 
documented. Additionally, the nature of lithologic contacts was documented. For relatively thick 277 
(> 3 m) heterolithic units, the major rock types were recorded. For sandstones, the grain size(s) 278 
and relationship to surrounding strata were recorded.  Potential unconformities were recognized 279 
by erosive contact and abrupt increases in grain size between adjacent strata. 280 
 The stratigraphic position of most vertebrate fossil intervals (table 1, Table DR4) within 281 
each measured section was documented in the field; for those whose stratigraphic position was 282 
not measured for this study, their stratigraphic position relative to major lithologic contacts from 283 
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Williamson (1996) was used and correlated with our measured sections (figs. 2-4). Table 1 284 
documents the 14 vertebrate fossil-bearing intervals, the generalized area, the associated 285 
biochronologic interval zone (Lofgren et al., 2004), San Juan Basin biostratigraphic zone 286 
(Williamson, 1996), and the age of the vertebrate horizon calculated in this study using sediment 287 
accumulation rates. For vertebrate horizons 15-23, their generalized area, the associated 288 
biochronologic interval zone (Lofgren et al., 2004), San Juan Basin biozone (Williamson, 1996), 289 
and the calculated age of the vertebrate horizon are from Leslie et al. (2018b). The stratigraphic 290 
position of and locality number(s) within each vertebrate horizon is included in Table DR4. 291 
Magnetostratigraphy and Magnetic Mineralogy 292 
 Four paleomagnetic samples were collected from a single stratigraphic horizon from 293 
mudstones, shales, paleosols, and fine-grained sandstones at ~1.5 to 3 m intervals (0.20 m 294 
minimum, 20.75 m maximum) in each measured section. Lithologies coarser than fine-grained 295 
sandstones were avoided if possible and site spacing was primarily dictated by both lithology and 296 
rock exposure. To generate paleomagnetic samples, a flat face was created in situ on 297 
unweathered rock surfaces using a hand rasp and the orientation of the created surface was 298 
measured using a Brunton Pocket Transit Compass. The samples were then cut into 299 
approximately 2-4 cm3 cubes using a diamond-bit saw at Baylor University with each sample 300 
producing one cube. 301 
 Samples were collected from Gallegos Canyon, De-Na-Zin, Kimbeto Wash, and 302 
Betonnie Tsosie Wash across the entire Puercan interval; additionally, samples were collected 303 
from De-Na-Zin, Kimbeto Wash, and Betonnie Tsosie Wash from Tj1 strata (figs. 2 and 3) 304 
(Williamson, 1996). Samples were collected from Kutz Canyon spanning upper Tj1 toTj3  strata 305 
(fig. 4) (Williamson, 1996). Samples were collected from Chico Springs spanning lower Tj2 306 
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strata (fig. 4) (Williamson and Lucas, 1997). While the Mesa de Cuba section is poorly 307 
fossiliferous, and the position of the fossil localities relative to the biostratigraphic and 308 
biochronologic intervals is unclear, samples were collected from strata presumed to represent 309 
late Pc2 to Tj3 zones (fig. 4) (Williamson, 1996). 310 
 Specimens were measured at Baylor University using a 2G Enterprises (Mountain View, 311 
California) cryogenic DC-SQuID magnetometer located in a 2-layer magneto-static shielded 312 
room with a background field typically less than 300 nT. Thermal demagnetization steps were 313 
performed in 25-50 °C increments to a maximum unblocking temperature or until magnetization 314 
became erratic and unreliable, typically ranging between 250-580 °C. To minimize oxidation 315 
reactions, thermal demagnetization was conducted in a nitrogen atmosphere using an ASC 316 
(Carlsbad, California) controlled atmosphere thermal demagnetizer. 317 
 Principal component analysis (PCA) was used to determine the characteristic remanent 318 
magnetism for each demagnetized sample at each thermal demagnetization step (Kirschvink, 319 
1980). A best fit line was calculated for samples with at least 3 stable demagnetization steps that 320 
trended towards the origin and a had maximum angle of deviation (MAD) < 20° (figs. 5A-E and 321 
6A; Table DR1). Great circles were calculated for samples that did not have at least 3 stable 322 
demagnetization steps trending towards the origin, but did trend towards the origin before 323 
complete demagnetization; only great circles with a MAD < 20° were used (Table DR3). Virtual 324 
geomagnetic pole directions for great circles were calculated using the last stable end point from 325 
the great circle calculation. Samples with erratic demagnetizations trajectories were excluded 326 
from all further analyses (fig. 5F). Site mean directions were calculated from sampling horizons 327 
with three significant sample directions using Fisher Statistics (Fig. 5A; Table DR2) (Fisher, 328 
1953). Site means with a 95% confidence circle α95 > 35° were not used (Watson, 1956). When 329 
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no depositional unconformity was interpreted, reversal boundaries were placed at the 330 
stratigraphic midpoint between samples with opposite polarity. In instances where an 331 
unconformity was interpreted, reversal boundaries were placed at the lithologic contact 332 
equivalent with the unconformity. The local polarity stratigraphy for each section was correlated 333 
with the geomagnetic polarity timescale (GTPS) (Ogg, 2012). 334 
 To determine the primary and secondary magnetic carriers in mixed mineralogy samples, 335 
a triaxial isothermal remanent magnetization (IRM) Lowrie test (Lowrie, 1990) was performed 336 
on 10 samples that represented the range of lithologies that occur within the Ojo Alamo 337 
Sandstone and lower Nacimiento Formation at Baylor University. A 1T, 300 mT, and 100 mT 338 
field was imparted along the X, Y, and Z axes, respectively, using an ASC pulse magnetizer. 339 
Samples were then thermally demagnetized in 25 °C increments from 100 to 200 °C and 50 °C 340 
increments from 200 to 700 °C using an ASC controlled atmosphere thermal demagnetizer in an 341 
N2 atmosphere. The magnetization in the X, Y, and Z axes was measured at each temperature 342 
step using the 2G cryogenic DC-SQuID magnetometer. 343 
 Sediment accumulation rates were calculated for each complete chron (i.e., both the 344 
lower and upper reversal was present) in each measured section and then used the sediment 345 
accumulation rates to estimate total section duration and age of mammal fossil horizons (Tables 346 
1, 3-5). We used the duration and uncertainty of each magnetic chron Ogg (2012) and the 347 
stratigraphic thickness and associated measurement uncertainties (table 3) to calculate sediment 348 
accumulation rates. The rates are asymmetrical due to different stratal thicknesses and chron 349 
durations used in their calculations. The maximum sediment accumulation rate was calculated by 350 
dividing the maximum thickness and the minimum duration of the magnetic chron while the 351 
minimum sediment accumulation rates was calculated using the minimum thickness and the 352 
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maximum duration of the magnetic chron (table 4).  We were able to calculate reliable sediment 353 
accumulation rates for C29n from De-Na-Zin and Betonnie Tsosie Wash, for C28r from De-Na-354 
Zin, Kimbeto Wash, Betonnie Tsosie Wash, and Mesa de Cuba, and for C27r from Kutz Canyon 355 
(table 4). 356 
The duration of the Gallegos Canyon measured section was calculated by extrapolating 357 
the C29n and C28r sediment accumulation rates from De-Na-Zin and applying them to the 358 
measured C29r and C28r measured thickness respectively (table 5). The duration of the De-Na-359 
Zin and Betonnie Tsosie Wash measured sections was calculated by extrapolating the C29n and 360 
C28r sediment accumulation rates from each location to the C29r and C28n measured section 361 
thickness respectively (table 5). The Kimbeto Wash measured section duration was calculated by 362 
extrapolating the average C29n sedimentation rate from De-Na-Zin and Betonnie Tsosie Wash to 363 
the C29r sediment thickness for the base of the section and extrapolating the C28r sediment 364 
accumulation rate from Kimbeto Wash to C28n sediment thickness (table 5). The duration of the 365 
Kutz Canyon measured section was done by extrapolating the C27r sediment accumulation rate 366 
down to the C28n sediment thickness and applying the C27r sedimentation rate to the total 367 
thickness of C27r sediments within the measured section (table 5). The duration of the Chico 368 
Springs measured section was calculated by extrapolating the C27r sediment accumulation rate 369 
from Kutz Canyon to the C28n and C27r sediment thickness (table 5). The Mesa de Cuba 370 
Measured section duration was calculated by extrapolating the average C29n sedimentation rate 371 
from De-Na-Zin and Betonnie Tsosie Wash to the Mesa de Cuba C29n thickness and by 372 
correlating the “lower black mudstone” to the same lithologic marker bed from Torreon West 373 
(Leslie et al., 2018b) (table 5).           374 
40Ar/39Ar Geochronology 375 
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Fine- to medium-grained sandstones were collected from De-Na-Zin, Betonnie Tsosie 376 
and Mesa de Cuba sections and prepared for 40Ar/39Ar detrital sanidine geochronology. The 377 
argon data are presented in Tables DR5-8 and table footnotes provide information of calculation 378 
methods for maximum deposition ages (MDA), correction factor data, flux monitor and decay 379 
constants. Recovery of sanidine evolved over the course of the project, however all samples were 380 
either gently crushed in a jaw crusher and ground in a disc grinder or hand crushed using a 381 
mortar and pestle. Samples were washed ultrasonically in dilute HCl until signs of calcite were 382 
no longer present, though most samples showed no evidence of calcite. Samples were further 383 
ultrasonically treated in distilled water and rinsed in acetone to expedite drying. Samples were 384 
then inspected for sanidine content under a petrographic microscope while immersed in 385 
wintergreen oil and based on this a grain size (typically between 45 and 120 mesh) was chosen to 386 
maximize sanidine recovery. K-feldspar was concentrated by heavy liquid floatation and from 387 
this concentrate we initially picked for sanidine based on optical clarity under a standard 388 
binocular microscope. This method was not fully effective at distinguishing sanidine from clear 389 
plutonic and/or metamorphic K-feldspar and we suggest that most detrital grain ages older than 390 
at least 500 Ma are likely not sanidine. To improve sanidine recovery for samples analyzed later 391 
in the study (i.e., Betonnie Tsosie section), K-feldspar concentrates were placed in a petri dish, 392 
covered in wintergreen oil and viewed under a polarizing binocular microscope with transmitted 393 
light. This allowed us to pick mostly sanidine by avoiding K-feldspars with microtextures that 394 
could not be easily observed under a standard binocular microscope. 395 
A total of 13 detrital sanidine concentrates were irradiated in several packages at the 396 
USGS Triga reactor in Denver, CO, along with flux monitor standard Fish Canyon sanidine (FC-397 
2). FC-2 was assigned an age of 28.201 Ma (Kuiper et al. 2008) and a total 40K decay constant of 398 
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5.463e-10 /a was used (Min et al., 2000). Following irradiation, argon was extracted from single 399 
grains by either total fusion (SCLF) or low resolution (2-6 step) incremental heating with a CO2 400 
laser. Typical heating was 30 seconds followed by gas cleanup for 30-180 seconds. Argon 401 
isotopes were measured on ARGUS VI mass spectrometers with various Faraday resistor 402 
configurations (see details Tables DR5-8) for masses 40, 39, 38, and 37 whereas mass 36 was 403 
measured with a CDD ion counter. Typically masses 40 and 39 were determined using 1E13 404 
Ohm resistors whereas masses 38 and 37 were measured using 1E12 Ohm resistors. Procedural 405 
blanks, air standards and calibration gas (enriched in radiogenic 40Ar and 39Ar) were measured 406 
numerous times during the course of data collection. These measurements were fit with a time-407 
series analysis (typically averaged or fit with linear regression) and applied to the sample 408 
analysis to correct for blank, atmospheric argon and detector drift. All data are relative to flux 409 
monitor standard Fish Canyon sanidine (FC-2) with an age of 28.201 Ma (Kuiper et al., 2008) 410 
and use a 40K total decay constant of 5.463 x 10-10 /a (Min et al., 2000). Since our primary goal 411 
was to find Paleocene grains to define maximum deposition ages, many analyses were truncated 412 
during the data collection when the calculated age was substantially older than 66 Ma, thus many 413 
of these older grains have overall lower precision due to shorter counting times in the mass 414 
spectrometer. Maximum deposition ages were calculated from the youngest mode of grain ages 415 
based on an inverse variance weighted mean (Taylor, 1982). In some cases, only one grain 416 
defines the youngest mode and in these cases the apparent age of the single grain is reported.  417 
RESULTS 418 
Magnetostratigraphy 419 
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 Six hundred and ninety-one sample from 241 sampling horizons were analyzed during 420 
this study: 68 samples were analyzed from 25 sampling horizons from Kutz Canyon, 36 samples 421 
from 12 sampling horizons from Chico Springs, 73 samples from 24 sampling horizons from 422 
Gallegos Canyon,  146 samples from 50 sampling horizons from De-Na-Zin, 93 samples from 32 423 
sampling horizons from Kimbeto Wash, 150 samples from 52 sampling horizons at Betonnie 424 
Tsosie Wash, and 124 samples from 46 sample horizons at Mesa de Cuba. Most samples were 425 
fully demagnetized by 150° to 400°C and their demagnetization trajectory trended towards the 426 
origin after few heating steps (fig. 5A-E). All specimens with reliable demagnetization 427 
trajectories and stable endpoints were characterized by line fits. This generated reliable 428 
paleomagnetic directions for 473 samples from 195 sampling horizons (fig. 6A; Table DR1): 47 429 
samples (9.9 % of reliable samples) from 22 sampling horizons at Kutz Canyon, 48 samples 430 
(10.1% of reliable samples) from 18 sampling horizons at Gallegos Canyon, 17 samples (3.6% of 431 
reliable samples) from 8 sampling horizons at Chico Springs, 112 samples (23.7 % of reliable 432 
samples) from 43 sampling horizons at De-Na-Zin, 63 samples (13.3 % of reliable samples) from 433 
25 sampling horizons at Kimbeto Wash, 102 samples (21.6 % of reliable samples) from 42 434 
sampling horizons at Betonnie Tsosie, and 84 samples (27.6 % of reliable samples) from 37 435 
sampling horizons at Mesa de Cuba. The remaining 217 samples (31.4% of total samples) had 436 
incoherent demagnetization trajectories and reliable directions could not be generated (fig. 5F). 437 
 Ninety-five of these sampling horizons (39.4% of total sampling horizons) had at least 3 438 
samples with statistically significant directions that could be used to calculate site-mean 439 
directions with an α95 <35°: 10 from Kutz Canyon, 12 from Gallegos Canyon, 2 from Chico 440 
Springs, 26 from De-Na-Zin, 9 from Kimbeto, 24 from Betonnie Tsosie, and 13 from Mesa de 441 
Cuba (fig. 5B; Table DR2).  442 
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 The site-mean directions for each section were calculated according to their polarity (fig. 443 
5C) and also calculated at the formation level for each interpreted magnetic chron and for total 444 
reversed (chrons 29r, 28r, and 27r) and normal (chrons 29n and 28n) directions, generating mean 445 
Ojo Alamo Sandstone and lower Nacimiento Formation directions (fig. 5D). The site mean 446 
directions were then used to calculate VGP latitude and longitude for each magnetic chron and 447 
for all reversed and normal direction site means (table 2). The average Ojo Alamo Sandstone and 448 
lower Nacimiento Formation normal site-mean directions was oriented at 349.9°, 52.9° (n = 66, 449 
α95 = 3.9°) and the average reversed site-mean direction was oriented at 164.9°, -51.1° (n = 29, 450 
α95 = 5.1°). The reversal test of McFadden and McElhinny (1990) returned a positive, class A 451 
reversal test, indicating that it is not possible to reject the hypothesis that the two distributions 452 
share a common mean direction at with 95% confidence (i.e., passed reversals test). These 453 
directions overlap within uncertainty with the expected early Paleocene (65.5 Ma) direction of 454 
343.0°, 49.7° recalculated from Torsvik et al. (2008) and the mean characteristic remanent 455 
direction of 342.1°, 49.6° (n = 20, α95 = 7.1°) for the Nacimiento Formation from Kodama 456 
(1997) (fig. 6D; table 2). The mean VGP latitude and longitude calculated from all normal 457 
polarity site means was 81.4 °N, 161.6 °E (N = 66, A95 = 5.8°) and for all reversed polarity site 458 
means was 76.9 °N, 152.7 °E (N = 29, A95 = 6.1), which is very similar to the early Paleocene 459 
(65.5 Ma) expected paleopole of 74.7 °N, 190.6 °E recalculated from Torsvik et al. (2008) (table 460 
2). 461 
 Figure 2 shows the lithostratigraphy, local polarity stratigraphy, specimen and site-mean 462 
polarity, and specimen and site-mean VGP latitude for the Gallegos Canyon and De-Na-Zin 463 
measured sections. The reversal between local polarity zones A- and B+ is constrained to 3.0 m 464 
at Gallegos Canyon and 1.75 m at De-Na-Zin (fig. 2; table 3). The reversal between local 465 
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polarity zones B+ and C- is constrained to 1.5 m at Gallegos Canyon and 0.7m at De-Na-Zin 466 
(fig. 2; table 3). The reversal between local polarity zones C- and D+ at De-Na-Zin is constrained 467 
to 3.0 m (fig. 2; table 3). 468 
Figure 3 shows the lithostratigraphy, local polarity stratigraphy, specimen and site-mean 469 
polarity, and specimen and site-mean VGP latitude for the Kimbeto and Betonnie Tsosie Wash 470 
measured sections. The reversal between local polarity zones A- and B+ is constrained to 1.5 m 471 
at both Kimbeto and Betonnie Tsosie Washes (fig. 3, table 3). The reversal between local 472 
polarity zones B+ and C- is constrained to 1.5 m at Kimbeto Wash and 0.55 m at Betonnie 473 
Tsosie Wash (fig. 3, table 3). The reversal between local polarity zones C- and D+ is constrained 474 
to 3.0 m at Kimbeto Wash and 4.5 m at Betonnie Tsosie Wash.  475 
Figure 4 shows the lithostratigraphy, local polarity stratigraphy, specimen and site-mean 476 
polarity, and specimen and site-mean VGP latitude for the Kutz Canyon, Chico Springs, and 477 
Mesa de Cuba measured sections. The reversal in the Chico Springs section is constrained to 3.0 478 
m and is constrained in the Kutz Canyon section to 1.5 m (fig. 4; table 3). The reversal between 479 
local polarity zones A+ and B- at Mesa de Cuba is constrained to 1.5 m, the reversal between 480 
local polarity zones B- and C+ is constrained to 1.5 m, and the reversal between local polarity 481 
zones C+ and D- is constrained to 2.0 m (fig. 3; table 3). The reversal between local polarity 482 
zones C+ and D- is positioned at the base of a large channel complex presumed to represent an 483 
unconformity within the section; without the conformity, the reversal is constrained to 9.0 m due 484 
to being coarse-grained sandstones in this interval (fig. 4).   485 
Magnetic Mineralogy 486 
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 The Triaxial IRM Lowrie tests for all samples indicated mixed mineralogy with the 487 
majority of IRM held by grains with coercivities of less than 100 mT (fig. 6). The large 488 
remanence drop between 100-200 °C in the low coercivity fraction suggests titanohematite as the 489 
most common magnetic mineral in all samples, which is similar to what was found in previous 490 
work in the San Juan Basin and in contemporaneous Laramide basins (Butler and Lindsay, 1985; 491 
Force et al., 2001; Sprain et al., 2016) (fig. 6). The secondary magnetic mineralogy of samples 492 
P13NZ07 and P16BT19 is likely hematite and/or maghemite due to the relatively high 493 
proportion of remanence held in the > 1T and 100-300 mT coercivities, loss of remanence at 700 494 
°C, and the red coloring (fig. 6A-B). For sample P13OJ1 (fig. 6C), the secondary magnetic 495 
mineralogy is possibly the iron sulfide mineral greigite becoming magnetite >400 °C due to a 496 
large drop in 0-300 mT coercivities between 200-350 °C and the presence of numerous sulfur 497 
bearing layers in this lithology (Roberts, 1995). In the remaining samples, remanence held from 498 
100 – 300 mT drops starting at 200 °C and is demagnetized by 400 °C, indicating the presence of 499 
intermediate titanohematite (Sprain et al., 2016), and/or demagnetized between 550 to 600 °C, 500 
which indicates the presence of magnetite (Dunlap and Özdemir, 1997). 501 
At Chico Springs, Betonnie Tsosie Wash, and Mesa de Cuba, local polarity zones B-, C- 502 
and, B- respectively are dominated by samples with erratic demagnetization behavior and we 503 
were only able to calculate good directions for a small subset of samples. We interpret these 504 
intervals to be reversed, with a large subset of samples recording an overprint direction (figs. 2-505 
3). We analyzed four samples from Mesa de Cuba that span the predominantly overprinted 506 
section corresponding with the top of magnetozone A+, B-, and the bottom of C+ (fig. 6E-H). 507 
Two lines with a reliable normal demagnetization trajectory were produced from sample 508 
P14MC02 (fig. 6E), sample P14MC04 had an incoherent demagnetization trajectory (fig. 6F), a 509 
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reversed great circle could be calculated from sample P14MC06 (fig. 6G), and a reliable normal 510 
site mean was calculated from sample P14MC12 (fig. 6H; Tables DR1-3). In all of these 511 
samples, the dominated magnetic carrier is titanohematite, which is frequently overprinted 512 
(Dunlop and Ozdemir, 1997; Sprain et al., 2016). In all samples, there is evidence that magnetite 513 
is a secondary magnetic mineral. Samples with a relatively high proportion of magnetite (i.e., 514 
P14MC02, P14MC06, P14MC12; fig. 6E, G-H) produced reliable magnetic directions while 515 
samples with relatively little magnetite (P14MC04, fig. 6F) produced incoherent directions. 516 
Thus, we hypothesize that while titanohematite is the most common magnetic mineral in these 517 
Betonnie Tsosie and Mesa de Cuba samples, magnetite is the characteristic remanent 518 
magnetization carrier, and that in the overprinted interval, samples with relatively small 519 
proportions of magnetite were either overprinted or had erratic demagnetization behavior. 520 
40Ar/39Ar Geochronology 521 
 The detrital sanidine (DS) results are presented on age probability plots arranged in 522 
stratigraphic order and separated into their three measured sections (fig. 8). Also, we include the 523 
probability plot of sanidine from a minimally reworked volcanic ash (sample SJ-Ash-2) from the 524 
Da-Na-Zin section that is published in Cather et al. (2019) for comparison with the DS spectra. 525 
Sample A1070606 from Mesa de Cuba overall has individual crystal ages range between 526 
Paleocene and Precambrian with many grains being late Cretaceous in age. As mentioned, grains 527 
older than ~500 Ma are likely non-sanidine whereas grains younger than 300 Ma are likely 528 
sanidine. Age spectrum analyses of single grains (Tables DR5-7) are generally flat and thus yield 529 
plateau ages equal to total gas ages, supporting the validity of the total fusion ages. 530 
 Two samples (SJ-SS5 and CM-SS4) from the Ojo Alamo Sandstone (one from De-Na-531 
Zin and one from Mesa de Cuba) yield mostly Upper Cretaceous or older grains (fig. 8). A single 532 
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grain from CM-SS4 is 65.69±0.09 Ma and represents the only Paleocene DS grain recovered 533 
from Ojo Alamo samples. For the Nacimiento Formation, a minor component of Paleocene 534 
grains were recovered from many of the samples and provide useful maximum deposition ages 535 
(MDA) (fig. 8). Generally, the mode of youngest Paleocene grains consists of less than five 536 
grains, however the Paleocene mode from A16-BTW-MH2 has 13 grains and CM-SS2 has 537 
seven. Three of the five samples from Betonnie Tsosie did not yield Paleocene grains, but rather 538 
have a substantial component around 68 Ma, as well as many older late Upper Cretaceous DS 539 
grains. In a single instance, a DS grain appears anomalously young based on other information 540 
that will be discussed below. This grain comes from sample A16-BTW-MH5 and yields an 541 
apparent age of 64.48±0.16 Ma and although imprecise it is statistically younger than the 542 
preferred MDA of 65.17±0.06 Ma defined by three grains (fig. 8, Appendix 5).  543 
 Sample A1070606 is a recollection of what appears to be significantly reworked ash from 544 
Mesa de Cuba. Fassett et al. (2010) first reported an age of 64.5±0.2 (1) Ma for this unit and 545 
new analysis yields a more precise age of 64.61±0.06 Ma (Fig. 7). CM-Ash-1 was collected at 546 
the same stratigraphic level as A1070606, but about 1 km to the west and analysis did not yield 547 
any Paleocene grains perhaps emphasizing the reworked nature of the unit. These “ash” samples 548 
have a significant component of microcline and contrasts for SJ-SS-2 ash that is dominated by 549 
sanidine with very minor inherited microcline. 550 
Relationship of Polarity Stratigraphy to GPTS 551 
 Based on lithostratigraphic correlations between the sections, the similarity of the 552 
patterns and stratigraphic position of reversal boundaries, and the ash and detrital dates, we 553 
correlated the A-, B+, C- local polarity zones from Gallegos Canyon, De-Na-Zin, Kimbeto 554 
Wash, and Betonnie Tsosie Wash with C29r-28r and local polarity zone D+ from De-Na-Zin, 555 
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Kimbeto Wash, and Betonnie Tsosie Wash with C28n. These correlations are the same as the 556 
interpretations from Butler and Lindsay (1985) (figs. 2-3). Using the polarity interpretations from 557 
Kutz Canyon of Leslie et al. (2018b) and Taylor and Butler (1980), which correlates to the top of 558 
our section, we correlated the local polarity zones A+ and B- from Kutz Canyon and Chico 559 
Springs to C28n-27r (fig. 4).  560 
 No polarity stratigraphy from Mesa de Cuba has previously been published. Our section 561 
contains A+, B-, C+, and D- magnetozones. Reworked ash sample A1070606 from an ash layer 562 
at 65 m in the section yields an 40Ar/39Ar age of 64.61±0.06 Ma. This sample is within 563 
magnetozone C+, which indicates correlation with C28n (fig. 3). Sample CM-SS3 is from ~3 m 564 
in the section and within magnetozone A+. The detrital sanidine MDA is 65.67±0.08 Ma, and 565 
because there is a magnetically reversed interval between A1070606 and CM-SS3 we can 566 
confirm that the MDA of this sample places this interval within C29n. Thus, we correlate 567 
magnetozones A+, B-, C+, and D- at Mesa de Cuba to C29n-27r (fig. 3).  568 
Sediment Accumulation Rates and Measured Section Duration 569 
 Sedimentation accumulation rates we calculated for C29n from De-Na-Zin (43.3 +6.5/-570 
5.4 m/Myr) and Betonnie Tsosie Wash (41.6 +7.9/-6.5 m/Myr) were nearly identical and overlap 571 
within uncertainty (table 4). The C29n sediment accumulation rates from Gallegos Canyon (31.6 572 
+6.8/-5.6 m/Myr) and Kimbeto Wash (27.7 +7.5/-6.9 m/Myr) overlap within uncertainty of each 573 
other and were approximately half the average sedimentation rate from De-Na-Zin and Betonnie 574 
Tsosie (fig. 2; table 4). The Gallegos Canyon section has an interval of significant channelization 575 
~27 m above the Ojo Alamo Sandstone-Nacimiento contact. Additionally, the base of C29n at 576 
Kimbeto Wash occurs in a channelized sandstone complex (fig. 2). Based on the sedimentology 577 
and sediment accumulation rates, we interpret unconformities to occur in Gallegos Canyon at the 578 
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channelized interval (fig. 2) and in the Kimbeto Wash section at the channelized sandstone 579 
complex (fig. 3).  Applying the C29n sedimentation rate of 43.3 m/Myr (+6.5/-5.4 m/Myr) from 580 
De-Na-Zin to the Gallegos Canyon section, we estimate that the duration of C29n sedimentation 581 
at Gallegos Canyon is 0.53 Myr (+0.14/-0.12 Myr), indicating an unconformity duration of 0.20 582 
Myr. We estimate that the unconformity occurs from 65.39 – 65.19 Ma (fig. 8, table 5). When 583 
the C29n sedimentation rate from Betonnie Tsosie Wash of 41.6 m/Myr (+7.9/-6.5 m/Myr) is 584 
applied to the Kimbeto Wash section, the duration of C29n sedimentation is estimated at 0.51 585 
Myr (+0.14/-0.11 Myr), indicating an estimated unconformity duration of 0.22 Myr between 586 
65.69 – 65.47 Ma (fig. 8; table 5).  587 
 Sedimentation accumulation rates we calculated for C28r from De-Na-Zin (92.3 +16.9/-588 
13.9 m/Myr), Kimbeto Wash (101.0 +22.2/-18.3 m/Myr), Betonnie Tsosie Wash (138.8 +14.8/-589 
21.6 m/Myr), and Mesa de Cuba (92.8 +15.6/-12.8 m/Myr) were similar to each other and 590 
roughly double the sedimentation rates from C29n (table 4). Additionally, sedimentation rates 591 
are highest in Betonnie Tsosie Wash near the basin center where thick channel sandstone are 592 
present. The only measured section which constrains the lower and upper reversals of C28n is at 593 
Mesa de Cuba (fig. 3). The calculated C28n mean sediment accumulation rate using the chron 594 
thickness from Mesa de Cuba was 39.6 m/Myr (+12.8/-10.5 m/Myr), which is significantly lower 595 
than the C28r sedimentation rates from the same section. The basal contact between 596 
magnetozone C+ and D- at Mesa de Cuba occurs at the base of a large channel sandstone 597 
complex that has an erosive basal contact (fig. 3). Based on the erosive nature of the basal 598 
contact of the sandstone channel complex and the very low sediment accumulation rates, we 599 
infer the presence of an unconformity within C28n at Mesa de Cuba (table 4). We placed the 600 
unconformity at the base of a large channel complex, which erosively overlies the last normal 601 
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polarity points in C28n (fig. 3). When the C28r sedimentation rate from Mesa de Cuba is applied 602 
to the C28n section thickness, the C28n duration at Mesa de Cuba is estimated to be 0.420 Myr 603 
(+0.07/-0.06 Myr) (table 5). 604 
The C27r sedimentation accumulation rate we calculated from Kutz Canyon is 121.8 605 
m/Myr (+24.8/-18.8 m/Myr), similar to the estimated C27r sediment accumulation rates from 606 
Taylor (1977) and nearly identical to those calculated by Leslie et al. (2018b) for C27n from the 607 
same location (table 4). Since the upper most sample in the Kutz Canyon measured section 608 
presented in this paper (fig. 3) is the lower most sample in the Kutz Canyon section from Leslie 609 
et al. (2018b), we could estimate a total thickness for C27r.  610 
Based on its lithology and polarity, the upper 3.0 m of the Mesa de Cuba measured 611 
section can be correlated with the “lower black mudstone” from Leslie et al. (2018b). Using the 612 
age estimate of 62.82 Ma for the “lower black mudstone” from Torreon West in Leslie et al. 613 
(2018b) for the top of the Mesa de Cuba section and the C27r sediment accumulation rate from 614 
Kutz Canyon, the duration of C27r at Mesa de Cuba is estimated to be 0.48 Myr (+0.09/-0.08 615 
Myr) and the base of  the C27r portion of the section is estimated to be 63.30 Ma (fig. 3, 8; table 616 
5). Thus, we estimate the total unconformity duration between C28n and C27r at Mesa de Cuba 617 
to be 0.95 Myr from 64.25 – 63.30 Ma (fig. 8; table 5).    618 
 The Gallegos Canyon section spans 66.05 Ma (+0.11/-0.08 Myr) to 64.71 Ma (+0.07/-619 
0.08 Myr) for a total section duration of 1.35 Myr (+0.19/-0.21 Myr) (fig. 8; table 5).  The De-620 
Na-Zin section spans 66.15 Ma (+0.12/-0.15 Myr) to 64.26 Ma (+0.18/-0.20 Myr) for a total 621 
section duration of 1.89 Myr (+0.32/-0.30 Myr) (fig. 8, table 5). The Betonnie Tsosie Wash 622 
section spans 65.83 Ma (+0.10/-0.12 Myr) to 64.43 Ma (+0.15/-0.16 Myr) for a total section 623 
duration of 1.39 Myr (+0.26/-0.24 Myr) (fig. 8; table 5). The duration of the Kimbeto Wash 624 
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section is 65.82 Ma (+0.06/-0.09 Myr) to 64.45 Ma (+0.15/-0.18 Myr) for a total section duration 625 
of 1.37 Myr (+0.22/-0.24 Myr) (fig. 8; table 5). The Kutz Canyon section spans 63.82 Ma 626 
(+0.20/-0.20 Myr) to 62.76 Ma (+0.26/-0.28) for a total section duration of 1.06 Myr (+0.48/-627 
0.46 Myr) (fig. 8; table 5). The Chico Springs section spans 63.51 Ma (+0.15/-0.15) to 63.03 Ma 628 
(+0.22/-0.23 Myr) for a total section duration of 0.48 Myr (+0.39/-0.37 Myr) (fig. 8; table 5). 629 
The Mesa de Cuba section spans 65.552 Ma (+0.108/-0.082 Myr) to 62.820 Ma (+0.175/-0.143 630 
Myr) for a total section duration of 2.732 Myr (+0.251/-0.257 Myr) (fig. 8; table 5).  631 
DISCUSSION 632 
San Juan Basin Evolution 633 
 Age and depositional model of the Ojo Alamo Sandstone 634 
 The precise age of the Ojo Alamo Sandstone has been contentious, with disagreements about the 635 
duration of the underlying unconformity with the Naashoibito Member and how far into the 636 
lower Paleocene the Ojo Alamo Sandstone extends (Sullivan and Lucas, 2003; Sullivan et al., 637 
2005; Williamson et al., 2008; for Fassett, 2009). Previous palynostratigraphy placed the Ojo 638 
Alamo Sandstone in the lower Paleocene palynostratigraphic zones P1 or P2 (Anderson, 1959; 639 
Williamson et al., 2008) and analyses of the megaflora also suggests an early Paleocene age 640 
(Flynn and Peppe, in press). The Ojo Alamo Sandstone is an average of 12 m thick and varies 641 
from 5 – 17 m in De-Na-Zin. Using the average thickness for the Ojo Alamo and the C29n 642 
sediment accumulation rates of the overlying Nacimiento Formation, we estimate that the base of 643 
the Ojo Alamo is 66.15 Ma (+0.012/-0.15 Myr), which is approximately 150 Kyr before the 644 
K/Pg boundary (Renne et al., 2013). There are two important caveats to this age estimate: first 645 
there are dramatic sedimentological differences between the Ojo Alamo and the Nacimiento 646 
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Formation, and sediment accumulation rates were likely much higher during deposition of the 647 
Ojo Alamo Sandstone, which is a massive multi-stored channel complex (for example, Baltz et 648 
al., 1966; Cather, 2004; Chapin and Cather, 1983; Flynn and Peppe, in press), than the 649 
Nacimiento Formation, which is comprised of paleosols, floodplain, overbank, back swamp, and 650 
ponded deposits, and channels of varying size and dimensions (for example Cather et al., in 651 
press; Davis et al., 2006; Williamson, 1996). Second, there is an erosive basal contact between 652 
the Ojo Alamo Sandstone and Naashoibito Member, indicating that there is an unconformity 653 
between the Paleocene Ojo Alamo Sandstone and the Cretaceous Naashoibito. Thus, this method 654 
almost certainly overestimates the duration of the Ojo Alamo Sandstone and is a maximum 655 
depositional age. The onset of deposition of the Ojo Alamo Sandstone probably post-dates the 656 
K/Pg boundary and the formation likely samples much of the lower Paleocene C29r.  657 
When compared across the basin, the polarity stratigraphy, sediment accumulation rates, 658 
and a detrital sanidine date from the Ojo Alamo Sandstone all indicate that the Ojo Alamo-659 
Nacimiento formational contact is time transgressive from northwest to southeast (fig. 2-4). The 660 
Ojo Alamo Sandstone-Nacimiento Formation contact is in C29r in Gallegos Canyon, De-Na-Zin, 661 
and Betonnie Tsosie Wash, but in C29n at Mesa de Cuba. The C29n polarity interpretation for 662 
Mesa de Cuba is supported by a detrital sanidine 40Ar/39Ar date of 65.68 Ma ± 0.09 Myr just 663 
below the Ojo Alamo-Nacimiento formational contact near Mesa de Cuba (fig. 8). Based on 664 
these polarity interpretations and local sediment accumulation rates for C29n of the Nacimiento 665 
Formation, we constrain the age of the Ojo Alamo Sandstone-Nacimiento Formation contact at 666 
Gallegos Canyon to 66.02 Ma (+0.05/-0.04 Myr), 65.87 Ma (+0.03/-0.02 Myr) at De-Na-Zin, 667 
65.83 Ma (+0.03/-0.02 Myr) at Betonnie Tsosie Wash, and 65.63 Ma (+0.12/-0.11 Myr) at Mesa 668 
de Cuba (fig. 2-4). Using these age constraints for the formational contact, we interpret 669 
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deposition of the Ojo Alamo Sandstone to have occurred during the first ~350 Kyr of the lower 670 
Paleocene in the northern parts of the basin and within the first ~500 Kyr of the lower Paleocene 671 
in the southern parts of the basin. 672 
Based on the time transgressive nature of the contact and the sedimentology of the unit, 673 
we interpret the Ojo Alamo Sandstone to represent the progradational proximal deposits of a 674 
distributed fluvial system (DFS) (Weissmann et al., 2013; Hobbs, 2016) and the basal 675 
Nacimiento Formation to represent the distal deposits of a later DFS. Thus, we suggest that the 676 
time transgressive nature of the Ojo Alamo Sandstone-Nacimiento Formation contact is the 677 
result of basin infilling in the early Paleocene via the progradation of a large DFS.  678 
Age and depositional model of the lower Nacimiento Formation 679 
 The calculated sediment accumulation rates for C29n were relatively low suggesting limited 680 
available accommodation space in the SJB prior to and during C29n (table 4). Interestingly, 681 
sediment accumulation rates roughly double in C28r and are not equal across the basin with 682 
sedimentation rates highest in Betonnie Tsosie Wash and lowest in De-Na-Zin and Mesa de 683 
Cuba on the basin margin suggesting creation of additional accommodation near the C29n-C28r 684 
boundary  and remain >90 m/Myr for at least the succeeding ~2.75 Myr (e.g., through chron 27n; 685 
table 4; this study and Leslie et al., 2018b). We interpret this increase in sedimentation rates to 686 
have been caused by a significant increase in accommodation created by increased subsidence 687 
rates in C28r through C27n.  688 
Cather (2004) hypothesized a three-phase subsidence model for the Upper Cretaceous – 689 
Eocene deposits of the San Juan Basin. In particular, Cather (2004) argued for a phase of 690 
subsidence from ~74-67 Ma that allowed for the deposition of the Ojo Alamo Sandstone and 691 
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Nacimiento Formations. Based on our age constraints for the Ojo Alamo Sandstone and 692 
Nacimiento Formation, we modify Cather’s (2004) subsidence model. We propose that the initial 693 
onset of subsidence and creation of accommodation space in the Maastrichtian allowed the 694 
deposition of the Maastrichtian Naashoibito Member of the Kirtland/Fruitland Formations, the 695 
Ojo Alamo Sandstone, and the lower (C29n) portion of the Nacimiento Formation. Later, in 696 
C28r, a second pulse of increased subsidence created accommodation space allowing the 697 
deposition of the upper portion of the Nacimiento Formation before subsidence slowed in the 698 
middle Paleocene, ultimately creating the unconformity between the Nacimiento Formation and 699 
the overlying San Jose Formation. The third phase of subsidence then occurred at some point in 700 
the late Paleocene to early Eocene, allowing the deposition of the Eocene San Jose Formation. 701 
Determining the age of the third phase of subsidence will require precise dating of both the 702 
uppermost Escavada Member of the Nacimiento Formation and the San Jose Formation, which 703 
should be the focus of future work in the San Juan Basin. 704 
   Using this refined model of basin subsidence, we can make interpretations about the 705 
drivers of deposition of the Nacimiento Formation. The lower Nacimiento Formation, correlated 706 
with C29n, is dominated by poorly developed paleosols and pond deposits (Davis et al., 2016). 707 
Channels in this interval tend to be small and/or isolated, with an overall increase in 708 
channelization towards the end of C29n (fig. 2-4). In C28r and C28n, channelization becomes 709 
more common and paleosols become better developed (fig. 2-4). The approximate doubling of 710 
sedimentation rates in C28r agrees with the basin subsidence model by Cather et al. (2019) 711 
which found an increase in basin subsidence during the early Torrejonian and the development of 712 
the large Tsosie paleoriver during this time interval. The high degree of channelization during 713 
C28r, especially in the Kimbeto and Betonnie Tsosie Wash sections, likely reflect the 714 
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emplacement of the Tsosie paleoriver (Cather et al., 2019). Towards the top of C28n in Kutz 715 
Canyon, large sheet sands become common (fig. 4). In C27r, grain size is the greatest with a high 716 
amount of sheet sands near the basin center at Kutz Canyon, while smaller sheet sands and 717 
paleosols are present at the basin margin at Mesa de Cuba (fig. 4). The presence of large-scale 718 
sheet sands in C27r suggest an accommodation minimum resulting in unconfined flow when the 719 
sediment transport capacity of the channel was exceeded, which is consistent with the 720 
conclusions of Leslie et al. (2018b) for the upper Nacimiento Formation. We hypothesize that the 721 
Nacimiento Formation represents a progradational DFS, overlying the previous Maastrichtian-722 
earliest Paleocene DFS capped by the Ojo Alamo Sandstone, with the C29n deposits 723 
representing the distal portion of the DFS and the C27r deposits representing the more proximal 724 
part (e.g., Trendell et al., 2013; Weissmann et al., 2013). However, the sedimentological and 725 
mineralogical data needed to test this hypothesis fully is beyond the scope of this paper and 726 
further research is needed.  727 
Age Constraints on San Juan Basin Mammalian Biozones 728 
We constrained the age of Puercan and earliest Torrejonian vertebrate fossil horizons of 729 
the Nacimiento Formation within our measured sections (table 1) using our estimated sediment 730 
accumulation rates (table 4). Using our magnetostratigraphic correlations among sections and the 731 
age constraints for each fossil locality, we were able to calculate the ages and durations of the 732 
Nacimiento Formation mammalian biostratigraphic zones (Pc1, Pc2, Tj1-Tj5) (fig. 9, table 1). 733 
These results indicate that strata in which the Pc1 and Pc2 faunas have been found are restricted 734 
to C29n, Tj1 faunas occur only in C28n, and the Tj2 and Tj3 faunas in C27r (fig. 8, table 1). 735 
Combining our results with the work of Leslie et al. (2018b), which determined that Tj4 and Tj5 736 
faunas occurred within C27r and the Tj6 faunas occurred within C27n, corroborates previous 737 
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interpretations of the early Paleocene NALMA biochronologic interval zones for the SJB (e.g., 738 
Lofgren et al., 2004). Importantly it also provides more precise age constraints for the first and 739 
last occurrences and durations of the Puercan and Torrejonian equivalent biozones in the SJB. 740 
This has global implications for understanding mammal evolution after the end-Cretaceous mass 741 
extinction. 742 
Because both Pc1 and Pc2 faunas (i.e., Pu2 and Pu3) in the SJB occur within C29n, the 743 
duration of each biozone was previously uncertain (Williamson and Lucas, 1992; Williamson, 744 
1996). We constrained Pc1 fossil horizons from De-Na-Zin, Kimbeto Wash, and Betonnie Tsosie 745 
Wash to 65.68 – 65.34 Ma (+0.04/-0.01 Myr) for a total duration of 340 ± 50 Kyr (fig. 9, table 746 
1). This demonstrates that, at maximum, the Pc1 mammals occurred within 380 kyr of the K-Pg 747 
boundary. We were also able to constrain the Pc2 fossil horizons from Gallegos Canyon and De-748 
Na-Zin to 65.27 – 65.03 Ma (+0.03/-0.01 myr) for a total duration of 240 ± 40 Kyr  (fig. 9, table 749 
1).  The only section where Pc1 and Pc2 are found in superposition is in De-Na-Zin (fig. 9, table 750 
1). The duration in De-Na-Zin between strata with Pc1 and Pc2 faunas was 360 ± 70 Kyr (table 751 
1). However, the Pc1 fossil site in De-Na-Zin is the oldest horizon in the basin and if the full 752 
duration of Pc1 fossil-bearing interval is used, the gap between Pc1 and Pc2 fossil horizons was 753 
70 ± 90 Kyr (fig. 9, table 1).  754 
We were able to constrain the Tj1 fossil-bearing interval in the SJB to C28n from 64.66 – 755 
63.76 Ma (+0.07/-0.09 Myr) for a total duration of 900 Kyr (+70/-90 Kyr) (fig. 9, table 1). 756 
Interestingly, fossil horizon 5 (locality AMNH 230; Simpson, 1969) at Mesa de Cuba (table 1), 757 
contains diagnostic Tj1 mammals, but unfortunately the stratigraphic position of the locality is 758 
uncertain. Using measurements and descriptions from Simpson (1959) for the locality (AMNH 759 
230), we estimate that it most likely occurs between 40 and 50 m in our Mesa de Cuba section, 760 
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which would suggest an age of 64.80-6474 Ma (+0.04/-0.02 Myr) making the base of 761 
Tj1considerably older. However, because we were unable to relocate the site, it was not used to 762 
determine either SJB mammal biozone or biochronologic interval zone boundaries (fig. 9, table 763 
1). Even without the Simpson (1959) site, these results indicate that the base of the Tj1 biozone 764 
is considerably older than previously suggested (e.g., Williamson, 1996; Lofgren et al., 2004) 765 
and that the ‘barren interval’ is much shorter (Williamson, 1996). Using our revised chronology, 766 
the interval between Pc2 and Tj1 faunas (i.e., the “barren interval”) is 380 kyr (+120/-110 kyr) 767 
(fig. 9, table 1).  768 
Combining our magnetostratigraphy with that of Leslie et al. (2018b) allowed us to 769 
determine that SJB biozones Tj2-5, which are equivalent to the To2 biochron of Lofgren et al. 770 
(2004), occurred within C27r from 63.48 – 62.59 Ma (+0.03/-0.04 Myr) for a total duration of 771 
890 kyr (+30/-40 kyr) (fig. 9, table 1). In Kutz Canyon, To1 and To2 faunas occur in 772 
superposition, and this is the type area for the NALMA zone interval change (Lofgren et al., 773 
2004). Using the uppermost Tj1 horizon (vertebrate horizon 8; table 1) and the lowermost Tj2 774 
horizon (vertebrate horizon 9; table 1), the transition between Tj1 and Tj2 faunas occurred over 775 
280 Kyr (+80/-90 Kyr) (table 1, fig. 9). 776 
Regional NALMA interval zone chronology comparison 777 
 The revised age model for SJB faunal zones has important implications for regional 778 
patterns of first and last occurrences of the biochronologic zones of Lofgren et al. (2004) across 779 
North America. It should be noted, though, that these biochrons are based on the first 780 
occurrences of consecutive taxa (interval zones) and that by definition each zone lasts until the 781 
first occurrence of the next younger index taxon. For this reason, the zones extend through 782 
unfossiliferous intervals in the SJB, which adds uncertainty about the placement of upper and 783 
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lower boundaries. The magnitude of this uncertainty is dependent on the duration of the 784 
unfossiliferous interval (fig. 9). We proceed by describing where the placement of zone 785 
boundaries lie chronostratigraphically based solely on the occurrences of fossils.  786 
Our results indicate that biochrons Pu2 and Pu3 occur within C29n in the San Juan Basin, 787 
which is consistent with interpretations from the Williston Basin (LeCain et al., 2014; Sprain et 788 
al., 2015, 2018), Crazy Mountain Basin (Buckley, 2018), the Wasatch Plateau (Tomida and 789 
Butler, 1980) and the Denver Basin (Eberle, 2003; Hicks et al., 2003) (fig. 10). Previous work 790 
from the Williston Basin suggests that Pu2 first occurred in upper C29r (Peppe et al., 2009) in 791 
the Northern Great Plains, which indicates that the first occurrence of Pu2 taxa was diachronous 792 
across North America (fig. 10), suggesting differential regional responses to the K-Pg extinction, 793 
and possible time transgressive immigration of mammalian taxa. However, it is difficult to test 794 
this hypothesis because no in situ vertebrate remains have been found in strata correlative to 795 
C29r in the SJB. The Ojo Alamo Sandstone, which has yet to yield any mammal fossils, 796 
comprises most of the C29r strata in the basin and the lowermost occurrence of Pu2  occurs 797 
within 2 m of the C29r-C29n boundary (figs. 2, 9, 10). Given the dramatic change in depositional 798 
environments between the Ojo Alamo Sandstone and the Nacimiento Formation, the lack of 799 
mammals in C29r in the San Juan Basin is probably the result of taphonomic constraints. Thus, it 800 
is possible that taphonomy could explain the restriction of Pu2 taxa to C29n in the SJB, and that 801 
the first appearance of Pu2 taxa may not have been regionally diachronous (fig. 10).  802 
Our results indicate that in the SJB the duration between Pu2 and Pu3 fossil localities was 803 
very short. Furthermore, age constraints for Pu1 localities from other basins (e.g., Eberle, 2003; 804 
Hicks et al., 2003; Peppe et al., 2009; Sprain et al., 2015, 2018) combined with either the 805 
maximum age of Pu2 fossil sites  (i.e., in C29r, Peppe et al., 2009), or the age of Pu2 sites from 806 
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the SJB (65.68 Ma), also imply a rapid turnover between Pu1 and Pu2 faunas (fig. 9). Both the 807 
Pu1-Pu2 and the Pu2-Pu3 turnovers are characterized by the extinction of important zone taxa 808 
(e.g., Lofgren et al., 2004). The short durations between Pu1-Pu2 and Pu2-Pu3 fossil sites 809 
suggest that the Puercan is characterized by the relatively rapid turnover of earliest Paleocene 810 
“disaster taxa” to more diverse recovery faunas (Smith et al., 2018).  811 
 The Puercan-Torrejonian boundary has been interpreted to have been nearly synchronous 812 
across North America, occurring in either late C28r or early C28n (Lofgren et al., 2004). 813 
However, To1 mammals occur in upper C29n in the Williston Basin of North Dakota and 814 
Montana (Peppe et al., 2009; Sprain et al., 2018) and the Crazy Mountain Basin of Montana 815 
(Buckley, 2018), in C28r from the Wasatch Plateau of Utah (Tomida and Butler, 1980), and from 816 
the base of C28n in the San Juan Basin (this study) (fig. 10). This suggests that the Puercan-817 
Torrejonian boundary may be diachronous across North America, with the boundary being older 818 
in the north and younger in the south (fig. 10). Interestingly, in the SJB, the boundary between 819 
Pu3 and To1 faunas coincides with a major turnover in the mammalian fauna hypothesized to be 820 
caused by the immigration of northern taxa into the SJB from further north (Williamson, 1996) 821 
consistent with our finding of continent-wide diachronicity. 822 
The To1, To2, and To3 faunas are constrained to C28r, C27r, and C27n in the SJB, and 823 
as documented here, and by Leslie et al. (2018b), the turnover between faunas in the SJB is 824 
rapid. However, much like in the Puercan, it is difficult to determine if the patterns of faunal 825 
turnover documented in the SJB during the Torrejonian are representative of local or regional 826 
phenomena. This is because the SJB is the only basin in which faunas representing the entire 827 
Torrejonian occur in superposition (fig. 10), and even though there are collections of early and 828 
late Torrejonian mammals from outside the SJB (Butler et al., 1987; Leslie et al., 2018a; 829 
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Buckley, 2018), these faunas typically occur in isolation and are difficult to correlate precisely to 830 
the SJB record. Furthermore, in some cases, fauns have been recognized as being Torrejonian 831 
based on the occurrence of typical Torrejonian taxa, but not the diagnostic index species for the 832 
biochrons (for example, Hunter and Hartman, 2003). Thus, it is possible that these apparently 833 
older Torrejonian faunas may not be Torrejonian, and instead document the transition between 834 
the Puercan and Torrejonian. Nonetheless, our data combined with previously published work 835 
suggests that the timing of the Puercan-Torrejonian is unlikely to be time equivalent across North 836 
America and should be the focus of future work. Finally, give the occurrence of almost the 837 
entirety of the Puercan and Torrejonian in superposition at multiple sites, our work highlights the 838 
importance of the SJB for understanding early Paleocene mammalian evolution following the K-839 
Pg mass extinction.  840 
CONCLUSIONS 841 
 We correlate the lower Paleocene Ojo Alamo Sandstone and lower Nacimiento 842 
Formation to magnetic chrons C29r-C27r of the GTPS, based on seven measured sections across 843 
the SJB. This includes the first magnetostratigraphy for the type section of the Nacimiento 844 
Formation at Mesa de Cuba. We identified titanohematite as the most common magnetic 845 
mineral, but infer that (titano)magnetite, hematite, and possibly greigite are the characteristic 846 
remanence carriers. Our results indicate relatively low sediment accumulation rates in C29r and 847 
C29n and a roughly doubling of sedimentation rates in C28r, which remained consistently high 848 
through C27r and were similar to sedimentation rates reported by Leslie and others (2018a) for 849 
C27n. We amend the SJB basin evolution hypothesis from Cather (2004), and instead 850 
hypothesize that the onset of the middle phase of relatively slow subsidence started in the 851 
Maastrichtian. This phase allowed for deposition of the Naashoibito Member, Ojo Alamo 852 
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Sandstone, and the C29n portion of the Nacimiento Formation. This was followed by a pulse of 853 
high subsidence and likely development of the Tsosie paleo-river starting in C28r (Cather and 854 
others, 2019) allowing for the deposition of the remainder of the Nacimiento Formation. We find 855 
that the contact between the Ojo Alamo Sandstone and Nacimiento Formation is time 856 
transgressive, with the contact occurring in C29r in the northwest part of the basin (Gallegos 857 
Canyon, De-Na-Zin, Kimbeto Wash, and Betonnie Tsosie Wash) and in C29n in the southeast 858 
part of the basin (Mesa de Cuba). This time transgressive nature of the Ojo Alamo Sandstone 859 
indicates progradation from northwest to southeast during the early Paleocene. These results are 860 
consistent with the interpretation that the Ojo Alamo Sandstone and the Nacimiento Formation 861 
represent the proximal and distal deposits of two different distributive fluvial systems, 862 
respectively. 863 
 Our revised age model constrains the intervals in which Pu2 faunas occur in the SJB to 864 
65.68 – 65.34 Ma (+0.04/-0.01 Myr), Pu3 faunas to 65.27 – 65.03 Ma (+0.03/-0.01 Myr), To1 865 
faunas to 64.66 – 63.76 Ma (+0.07/-0.12 Myr), and the To2 faunas to 63.48 – 62.59 Ma (+0.03/-866 
0.04 Myr). Our results indicate that Pu2 and Pu3 faunas are separated by ~70 Kyr and that Pu3 867 
and To1 faunas in the SJB are separated by ~370 Kyr (+40 Kyr/-30Kyr). Our revised age model 868 
for the SJB suggests that the first appearance of To1 mammals was diachronous across North 869 
America, with the To1 mammals first appearing in the north (Montana and North Dakota) during 870 
C29n, then the middle latitudes (Utah) in C28r, and lastly in southern North America (New 871 
Mexico) in C28n. These findings have broad implications for understanding the tempo of 872 
mammal evolution after the end-Cretaceous extinction and suggest that a complex interplay of in 873 
situ rapid diversification, immigration, climatic changes, and regional tectonics produced rapid 874 
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turnover in some of the first, and best-known, communities dominated by placental mammals 875 
after the dinosaur extinction. 876 
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FIGURE CAPTIONS 1136 
Fig. 1. Geologic map of the San Juan Basin, New Mexico showing Upper Cretaceous through 1137 
Lower Eocene strata and the locations of the 7 measured sections use in this study — (1) Kutz 1138 
Canyon, (2) Gallegos Canyon, (3) Chico Springs, (4) De-Na-Zin Wilderness Area, (5) Kimbeto 1139 
Wash, (6) Betonnie Tsosie Wash, and (7) Mesa de Cuba — indicated by white squares (modified 1140 
from Williamson et al., 2008). 1141 
 1142 
Fig. 2. Measured sections from Gallegos Canyon and De-Na-Zin showing major lithologic units, 1143 
vertebrate fossil horizons (described in table 1), VGP latitude, and interpreted polarity zonation. 1144 
The base of local polarity zone C- was used as a datum. The UTM coordinates (NAD27 datum) 1145 
of the section base and top are shown below section names.  1146 
 1147 
Fig. 3. Measured sections from Kimbeto and Betonnie Tsosie Washes showing major lithologic 1148 
units, vertebrate fossil horizons (described in table 1), VGP latitude, and interpreted polarity 1149 
zonation. The base of polarity zone C- was used as a datum. The UTM coordinates (NAD27 1150 
datum) of the section base and top are shown below section names. 1151 
 1152 
Fig. 4. Measured sections from Kutz Canyon, Chico Springs, and Mesa de Cuba showing major 1153 
lithologic units, vertebrate fossil horizons (described in table 1), VGP latitude, and interpreted 1154 
polarity zonation. The base of local polarity zone B- at Kutz Canyon, B- at Chico Springs, and 1155 
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D- at Mesa de Cuba was used as a datum. The UTM coordinates (NAD27 datum) of the section 1156 
base and top are shown below section names. 1157 
 1158 
Fig. 5. Representative orthogonal end vector demagnetization and equal area diagrams for each 1159 
subset of data. (A-E) Demagnetization trajectories of reversed (A, C, E) and normal (B, D) 1160 
polarity samples from C29r – C27r that allowed line-fitting to a determine characteristic 1161 
direction. (F) Representative sample where line-fitting was not possible due to the erratic nature 1162 
of the data and was not used in any interpretations. 1163 
 1164 
Fig. 6. (A) Equal-area plot of all line-fitted characteristic magnetization direction obtained (see 1165 
Table DR1 1 for full list). (B) Equal area plot of all site-mean directions calculated from this 1166 
study (see Table DR2 for full list). (C) Equal area plot of all normal and reversed site-mean 1167 
directions averaged by sections — KC: Kutz Canyon, DNZ: De-Na-Zin, KW: Kimbeto Wash, 1168 
BT: Betonnie Tsosie Wash, and MDC: Mesa de Cuba. The ellipse surrounding each mean 1169 
direction represents the 95% confidence cone (see table 2 for details) (Fisher, 1953). (D) The 1170 
site-mean average for each magnetic chron (C29r-C27r) and total Ojo Alamo Sandstone and 1171 
lower Nacimiento Formation mean normal and reversed directions. The mean Nacimiento 1172 
formation direction reported by Kodama (1997) is also shown. The ellipse surrounding each 1173 
mean direction represents the 95% confidence cone (see table 2 for details) (Fisher, 1953). The 1174 
modern dipole, the expected early Paleocene direction recalculated from Torsvik et al. (2008), 1175 
and the antipode of the early Paleocene expected direction are shown in each equal-area plot. 1176 
 1177 
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Fig. 7. Thermal demagnetization curves of orthogonal IRM imparted along the X, Y, and Z axes 1178 
for 8 samples following the approach of Lowrie (1990). All samples had mixed magnetic 1179 
mineralogy with titanohematite as the dominant magnetic carrier.   1180 
 1181 
Fig. 8. 40Ar/39Ar sanidine probability distribution diagrams. Apparent ages between 60 and 80 1182 
Ma are shown and solid symbols delineate dates used to determine maximum deposition ages. 1183 
The data are arranged in stratigraphic order and divided into the 3 dated stratigraphic sections. 1184 
DNZ is the De-Na-Zin section, BT represent the Betonnie Tsosie Wash section and MDC is the 1185 
Mesa de Cuba section. Figures highlighted in yellow are Nacimiento Formation whereas pink are 1186 
from the Ojo Alamo Sandstone. Errors are reported at 1σ. 1187 
 1188 
Fig. 9. Chronostratigraphy of the Ojo Alamo Sandstone and Nacimiento Formation showing the 1189 
age, calculated duration, and associated NALMA intervals for the sections in this study (lower 1190 
portion of Kutz Canyon, Gallegos Canyon, Chico Springs De-Na-Zin, Kimbeto Wash, Betonnie 1191 
Tsosie Wash, and Mesa de Cuba) and sections from Leslie and others (2018a) (upper portion of 1192 
Kutz Canyon, Escavada Wash, Torreon West, and Torreon East). GTPS is from Ogg (2012). The 1193 
estimated duration of unconformities is indicated by dark grey boxes. Fossil vertebrate horizons 1194 
described in table 1 are shown (1-14 this study, 15-23 Leslie et al., 2018b). Biozones following 1195 
the biostratigrpahic zonation of Williamson (1996) and duration of SJB fossil horizons within 1196 
each NALMA biochron are shown. The “lower black mudstone” lithology from Leslie and 1197 
others (2018b) is indicated beside the sections where it is present. 1198 
 1199 
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Fig. 10. Regional comparison of NALMA interval zones across western North America: Big 1200 
Bend, TX (Leslie et al., 2018a), San Juan Basin, NM (this study; Leslie et al. 2018b), Denver 1201 
Basin, CO (Eberle, 2003; Hicks et al., 2003; Dahlberg et al., 2016), Wasatch Plateau, UT 1202 
(Tomida and Butler, 1980), Bighorn and Clark’s Fork Basin, WY and MT (Butler et al., 1987),   1203 
Crazy Mountain Basin, MT (Buckley, 2018), Williston Basin, MT (Sprain et al., 2018), and 1204 
Williston and Powder River Basins, ND (Peppe et al., 2009).  NALMA zones from Lofgren et al. 1205 
(2004) are indicated. 1206 
 1207 
